[1] A diurnal variation in He + density is observed using successive snapshots of the plasmasphere taken by the extreme ultraviolet (EUV) imager on the IMAGE spacecraft. Analysis of average EUV photon counts from a specific patch of plasma, which may move at a rate other than corotation, centered at L = 2.5 and L = 3.5 over successive images during an IMAGE pass, allows us to follow a flux tube and track the brightness variation across $6-10 h of local time. These EUV brightness observations are converted to He + column-integrated densities by taking into account solar EUV flux as measured by the SOHO spacecraft. Variations in He + column density with local time provide insight into the process of plasmaspheric refilling by ionospheric plasma outflow on diurnal time scales. An analysis of 128 orbits of IMAGE EUV data in 2001 reveals that EUV photon count, and hence column-integrated He + density, tends to increase soon after dawn, decrease or stagnate around noon, and strongly increase in late afternoon through dusk. These observations show no significant dependence on geomagnetic activity and support the idea that diurnal refilling of the plasmasphere is largely controlled by increased photoionization at dawn by exposure of the ionosphere to sunlight. Azimuthal profiles of individual EUV images provide additional evidence for the same trend observed in the tracking technique and show that He + column abundance values are typically 50-100% higher at dusk than dawn.
Introduction
[2] The plasmasphere is a toroidal population of cold, dense plasma enveloping the Earth. Its inner boundary is at an altitude of several thousand kilometers, where ion composition changes from O + -dominated in the topside ionosphere to H + -dominated in the plasmasphere. The location of the outer boundary, the plasmapause, can vary between L-shell of $2 -7 depending on geomagnetic activity [Moldwin et al., 2002] . During periods of enhanced geomagnetic activity, the plasmapause is recognizable as a sharp density gradient. In quiet times, the density gradient can be mild enough to be indistinguishable from an exponential or power-law decrease with distance from the Earth [Carpenter and Anderson, 1992; Moldwin et al., 2003, and references therein] .
[3] The source of plasmaspheric plasma is the Earth's ionosphere. Photoionization and heating of ionospheric particles by solar extreme ultraviolet (EUV) increases the temperature of some ions enough that they expand outward into space, leaving the gravitationally bound atmosphere.
As charged particles, they gyrate around the geomagnetic field and flow outward into space. Since more ions will be energized after dawn, when the ionospheric end of a flux tube begins receiving solar EUV, one expects the density of plasma in a given flux tube to increase as it moves from dawn to dusk across the day side. Though the upward flux of certain species of ions from the ionosphere has been modeled [Bailey et al., 1979; Richards and Torr, 1985; Guiter et al., 1991] , and diurnal variation in plasmaspheric mass density has been inferred via ground based field-line resonance studies [Menk et al., 1999; Moldwin and Berube, 2004] , actual diurnal variation in plasmaspheric density has not yet been globally monitored. Park et al. [1978] used whistler observations to sample the electron density of the plasmasphere, finding a detectable diurnal variation at L = 3 during June 1973, but not at higher L. They concluded the diurnal variation in outward flux from the ionosphere was not enough to affect the average density along plasmaspheric flux tubes outside of L = 3 on a diurnal time scale, and that day-to-day density variations due to storms and substorms dominated the behavior.
[4] With the advent of EUV imaging from the IMAGE spacecraft, global remote sensing of plasmaspheric He + concentration has become possible over a broad range of local times and L-shells. EUV images of the Earth's plasmasphere have aided in the qualitative understanding of low energy ($1 eV) charged particle behavior in the inner magnetosphere. Observations of plasmaspheric plumes [Sandel et al., 2001; Foster et al., 2002; Garcia et al., 2003] , azimuthal variations in density , and the location of the plasmapause [e.g., Yizengaw et al., 2005] have been useful in corroborating results of in situ spacecraft and ground-based instruments. However, quantitative photometry using EUV brightness within the plasmasphere has seldom been pursued [Clilverd et al., 2003; Gallagher et al., 2005; Grew et al., 2007; Sandel and Denton, 2007] . In studies where it has, case study refilling rates for post-storm recovery were estimated, or average densities over seasonal or annual time scales were noted, but typical quiet-time diurnal variation observed over numerous events was not addressed. This study uses EUV images to infer the diurnal density variation of He + column abundance, via EUV brightness, in the dayside plasmasphere at L-shells of 2.5 and 3.5. The effects of departures from perfect corotation are taken into account.
Methodology

Data Selection
[5] The EUV instrument on board the IMAGE spacecraft consists of three cameras sensitive to extreme ultraviolet radiation at a wavelength of 30.4 nm. Solar EUV is resonantly scattered by He + ions in the Earth's plasmasphere. Because the plasmasphere is optically thin, the column-integrated brightness of scattered EUV photons as viewed from the spacecraft is directly proportional to the density of He + ions integrated along the EUV instrument's line of sight [Sandel et al., 2000 [Sandel et al., , 2001 . Hence brightness changes in an EUV image generally correspond to density variations in the plasmasphere.
[6] The general methodology of this study is to track a patch of plasma, a flux tube, as it moves across the dayside of the plasmasphere. In order to monitor the brightness, and hence density, of a particular flux tube in the plasmasphere as it rotates with the Earth, a consecutive series of images looking down on the plasmasphere from a perspective at high magnetic latitude is needed. The longer the EUV imager observes the plasmasphere from high magnetic latitude, the longer a patch of plasma can be accurately tracked. Also, since the column-integrated density of He + determines the intensity in an EUV pixel, the regions of density dominating these brightness values are concentrated relatively close to the geomagnetic equator when IMAGE is observing from high magnetic latitude and a large distance from the Earth. To optimize the EUV data quality, our survey of EUV images is constrained to periods when the IMAGE spacecraft has a polar apogee.
[7] The IMAGE spacecraft is in an elliptical polar orbit with its orbital normal fixed in inertial space. It has an apogee of $8.2 R E (45,922 km altitude), and a perigee of $1.2 R E ($1,275 km altitude). These orbital parameters result in a period of 14.2 h, however the EUV instrument is not operated for the entire orbit. The field-of-view (FOV) of the EUV instrument was designed to encompass the entire plasmasphere when viewing from apogee, where the spacecraft naturally spends most of its time. When IMAGE is at L-shell values less than $13, EUV is subject to high levels of radiation noise, hence the high voltage to the detectors is adjusted on the basis of the L-shell position of the spacecraft: high voltage to operating levels as the spacecraft moves to L-shells higher than L = 13 on the outbound leg of the orbit, and high voltage to reduced levels when it passes L = 14 on the inbound leg. With the 14.2-h orbit of IMAGE and the 24-h rotation period of the Earth, the spacecraft finds itself in a slightly different orientation of the geomagnetic field each orbit, and hence the duration of EUV imaging data taken varies from orbit to orbit. The duration of EUV imaging time ranges from less than 1 h in the period soon after IMAGE's launch in 2000, up to $9-10 h when IMAGE has a polar apogee.
[8] As a result of these limitations in EUV data availability, the full 12-h coverage required to track a flux tube from dawn to dusk is impossible for the IMAGE satellite in a single orbit. It is, however, possible to get periods of up to $10 h during which IMAGE dwells over the pole in a time period surrounding apogee. Due to the 50 degree/year precession rate of the orbit's line of apsides, IMAGE had a north polar apogee in the middle of 2001. This study includes a survey of EUV images throughout the year 2001, when the high latitude of IMAGE's orbital apogee made conditions optimal for diurnal flux tube tracking.
[9] Even when the EUV instrument is operating for a long period of time, the images taken during a given pass may not be usable for photometry. Solar energetic particle events, strong geomagnetic storm activity, and the Sun entering one or more of the three EUV sensors' field of view can all affect the EUV image quality. Hence a visual survey of the EUV data was done.
[10] Appendix A shows a list of the data intervals used in this study. To obtain this list of selected events, the 2001 EUV online catalog was visually surveyed for single IMAGE satellite passes containing EUV images without major data defects, such as sunlight contamination or oversaturated images, and during which all three EUV sensors were operating for the entire pass. The resulting list was then used to re-survey those events, selecting passes where 6 h or more of EUV images were available. The minimum duration of 6 h was chosen somewhat arbitrarily, keeping in mind that the longer the duration of good data in a given pass, the longer a flux tube can be tracked, but also that it is desirable to analyze enough events to be statistically significant. In addition, since tracking a flux tube requires determining the rotation rate of the plasmasphere, images in which the plasmasphere has some sort of localized density enhancement or depletion, such as a ''notch'' of low-density plasma, which can be tracked as it drifts around the Earth, are more useful than those in which the plasmasphere appears azimuthally homogeneous.
[11] The resulting list in Appendix A is centered around June of 2001, as this was the time period when IMAGE's orbital apogee was roughly over the north magnetic pole, allowing EUV to deliver long duration observations between its L-dependent high-voltage up and high-voltage down times. When the final list of intervals in Appendix A was produced, we used one image per hour within those intervals for flux tube brightness monitoring.
Data Processing
[12] Once an IMAGE pass (event) has been selected and added to the database, the EUV images must be processed further before azimuthal brightness profiles can be extracted. First, a background subtraction routine is applied to each image. Figures 1A and 1B show examples of an original EUV image and its background-subtracted version, respectively. The intent of background subtraction in this case is to reduce the uncertainty stemming from the possibility that one EUV image might be much brighter than the next because of changes in the scattered sunlight contamination. In such a case, the difference in brightness between one image and another would not be entirely due to density variations in the plasmasphere.
[13] The background-subtracted images are mapped to the geomagnetic equator using dipole geomagnetic field geometry, where the brightness value of each pixel is re-positioned. Each pixel in a given image represents a specific line-of-sight of the EUV instrument through the plasmasphere. Using the known position of IMAGE relative to the Earth, the direction of the line of sight of each pixel, and a simple dipole magnetic field model, the mapping function solves for the corresponding lowest L-shell field line touching the line of sight. The original pixel brightness value for that line of sight is then plotted at the L-shell (radial) and magnetic local time (azimuthal) coordinates of that geomagnetic field line. This method of mapping magnetospheric images was described by Roelof and Skinner [2000] , and applied to EUV images by Sandel et al. [2003] . The result is a magnetic-polar projection of the original EUV image [e.g., Goldstein et al., 2003] . In addition, meta-data in each EUV data file allows the mapping routine to create a shadowmask image defining the regions of the mapped image which are unreliable for photometry. These regions include the Earth's shadow, where brightness values are lower because of reduced illumination by solar EUV, and the two areas of seam overlap between the three EUV sensors. The seams in a given EUV image are of lower photometric accuracy owing to vignetting at the edges of the fields, and to overlap at the edges of the three EUV sensors. In later data processing, the shadow-mask image produced during the mapping process is used to allow us to ignore the data in the specified seam and shadow regions when taking azimuthal brightness profiles.
[14] Figure 1C shows an example of a shadow-mask image. The warped appearance of the outer edge of the image is a consequence of projecting the original EUV image to the geomagnetic equatorial plane using dipole field geometry. The Earth is at the center, with the thick, horizontal black bar extending from the center to the right representing the Earth's shadow. The two long, narrow bars stretching from the top to the bottom are the seams between the three EUV sensor fields of view. Pixels in the actual mapped EUV image that fall in the seams and shadow are not used for photometry in this study.
Data Analysis
[15] After the background-subtracted image is projected to the geomagnetic equator, average pixel brightness values are taken from the image in an annulus around the Earth with inner radius at L = 2.25 and outer radius at L = 2.75 (the blue circles in Figures 1C and 1D ). The range in L-shell was chosen to be in the middle region of a quiet-time plasmasphere, allowing us to monitor the density of a somewhat uniform volume of plasma. Even in cases of moderate geomagnetic activity, all images used in this study show a plasmapause at L > 2.75, though density features like notches often intrude into the annulus, as will be discussed later. The inner boundary of the annulus was chosen to avoid taking brightness data from the region within L $ 2, where the EUV photons observed may be produced largely by airglow, and densities may be high enough that the particle population is no longer optically thin, such that a radiative transfer model would be required to infer column-integrated-densities.
[16] The annulus in each image is divided into 128 azimuthal bins, each 11.25 min wide in local time (LT). Figure 1D shows the background-subtracted, mapped EUV image with the 128 bin annulus in place. The standard deviation of the mean for the brightness value of pixels in a given bin is taken as a measure of the uncertainty of the mean brightness for that bin. An example of the brightness profiles generated by extracting the average brightness of the pixels in each bin is shown for multiple images in the same IMAGE pass in Figure 2 . Note the distinct valley in brightness that starts between MLT 13 and 14 in the earliest profile, and makes its way to between MLT 21 and 22 in the latest profile. This is the signature of a ''notch'' of lowdensity plasma observed in Figures 1A, 1B , and 1D. Features like this are used to track the corotation rate of the plasmasphere, which is then used to monitor the brightness of a flux tube as it moves around the Earth.
Determining the Corotation Factor
[17] In order to be confident that we are tracking the same flux tube in our EUV images, the rotation rate of the plasmasphere must be determined. Sandel et al. [2003] showed that density features in the plasmasphere have been observed to lag the corotation speed, moving as slow as 85% of corotation. Gallagher et al. [2005] later observed extreme cases of notches moving as slow as 44% of corotation. Burch et al. [2004] hypothesized that the cause of subcorotation is the Joule heating of the high latitude ionosphere by auroral precipitation, the initiation of equatorward winds, and the subsequent slowing of ionospheric plasma relative to the Earth's rotation due to conservation of angular momentum, a.k.a. the Coriolis effect. Superrotation of the topside ionosphere, from which plasmaspheric plasma originates, has also been observed at mid-latitudes [Rishbeth, 1972] . Detailed study of the cause of the variable rotation rate of the plasmasphere is beyond the scope of this paper, and will be re-visited in a future study. Here we simply measure the rotation rate to enable our monitoring of plasmaspheric flux tube density.
[18] If perfect corotation is assumed, plasma E Â B drifting on closed flow paths should move 1 h eastward in local time (LT) over 1 h of Universal Time (UT). However, with a significant likelihood of subcorotation, determining the rotation rate of the plasmasphere is important for accurate flux tube tracking. The rotation rate is tracked using mean-removed cross-correlation of brightness profiles from several of the images in a given event. The determined rate is then assumed to be constant for the duration of that event, and to apply to all azimuths. In this study, the rotation rate is defined by a ''corotation factor'' = (DLT)/(DUT); that is, the change in the local-time location of a plasmaspheric feature divided by the real time elapsed between the two EUV snapshots.
[19] Care must be taken when determining the corotation factor, as incorrect values will lead to monitoring the brightness of different regions of plasma in the EUV images, when a single flux tube is desired. In determining the corotation factor, part of the uncertainty depends on the resolution of the images themselves, and the amount of real time between EUV exposures. The uncertainty of our corotation factor is based on the uncertainty in the local time lag value (DLT) between brightness profiles that results in the maximum correlation coefficient. Given that each brightness value in an image profile is separated from the next one by 11.25 min of local time (24 h/128 bins = 11.25 min), DLT has an uncertainty of ±11.25 min. Therefore a given corotation factor has an uncertainty of ± (11.25 min)/(DUT). The uncertainty in our corotation factor will be smaller for larger time differences between images. For images separated only by 1 h, a corotation factor would have an uncertainty of ±0.19, meaning it is uncertain whether the plasmasphere is subcorotating by $19% or super-rotating by the same amount. Therefore deriving the corotation factor from images separated by only 1 h is unacceptable if meaningful accuracy is desired. [20] Determining the corotation factor by comparing the MLT location of features in images 24 h apart is not reliable for this study, because it would require we assume that the corotation rate did not change over more than twice our time range of interest. To be comfortable in our assumption of a constant corotation factor during a given event, we determine the corotation factor using only data from within that 6 -10 h time period. The highest accuracy we can expect from a single pair of images within our time range is ±11.25 min/10 h = 0.019 % ±2% corotation. However, as there would likely be, at most, one image pair in our set separated by 10 h, we make the more practical attempt to have our corotation factor be accurate to at least ±5% for each measurement. We accomplish this by taking every pair of hourly images within a given event separated by at least (0.19 h/0.05 =) 3.75 h and producing a corotation factor with its own unique uncertainty value. Every brightness profile in an event is cross-correlated with every other brightness profile as long as they are separated by more than 3.75 h. The lag between the two brightness profiles that yields the maximum correlation coefficient is taken to be the DLT for that pair of profiles. Since each brightness profile is associated with a specific EUV image, which was taken at a specific UT, the corotation factor can now be calculated. For example, when we perform a mean-removed cross-correlation between the brightness profiles for EUV images taken at 03:27 and 08:34, we find that the highest positive correlation coefficient is about 0.5, and occurs when 03:27 is shifted forward by 4.5 h. Therefore the earlier profile most resembles the later profile when it is shifted 4.5 h forward in time. This lag represents the DLT between the two profiles, while the DUT is simply 08:34-03:27 = 5 h, 7 min. The corotation factor is thus calculated as 0.879 ± 0.037 for this pair.
[21] Figure 3 shows a visual representation of the crosscorrelation of two brightness profiles. The solid profile is from the image at 08:34 UT, while the dashed profile is from the 03:27 UT image. The two profiles were crosscorrelated, and the earlier profile is displayed time-shifted by the lag value at which the maximum correlation coefficient occurs. Note that the maximum correlation coefficient occurs at a lag value of 4.5 h, and that this corresponds to the alignment of the low-density ''notch'' feature in the 03:27 profile with the same feature in the 08:34 profile. Hence dominant azimuthal density features in the plasmasphere drive the high correlation coefficient, and are useful for measuring the rotation rate of the plasmasphere. . Two representative brightness profiles for day 173. The 03:27 profile has been lagged by 4.5 h, when the mean removed cross-correlation between the profiles is at a maximum value of 0.5 and the resulting corotation factor is 0.88.
[22] Another source of uncertainty in our measurements of the corotation factor is the evolution of distinctive brightness features in the plasmasphere. In an ideal case, an azimuthal feature such as a notch in a specific region of magnetic longitude exists in all the images for an orbital pass. The entire plasmasphere is assumed to be rotating at the same rate as this plasmaspheric notch, and the crosscorrelation technique is used to track how fast that feature, and therefore the plasmasphere, is rotating. Since the brightness levels and shape of the plasmasphere as viewed by the EUV instrument changes over a single orbital pass, any traceable feature may change morphology after several hours, thus making cross-correlation of brightness profiles less reliable. In order to further constrain which profile pair corotation factors will be averaged to determine the final corotation factor assigned to that event, we require a minimum correlation coefficient. If the morphology of the azimuthal structure of the plasmasphere has changed significantly in the time elapsed between the two profiles being cross-correlated, it will likely result in a low correlation coefficient. Hence in addition to the maximum uncertainty of ±5% of corotation, we impose a somewhat arbitrary minimum correlation coefficient of 0.5.
[23] Figure 4 shows the corotation factors that meet both the maximum uncertainty and minimum correlation coefficient constraints for the event 2001/173/01:24 -10:37. The labels on the x-axis identify the particular brightness profiles being cross-correlated. The profile from the earliest image (in this case, 2001/173/01:24, the uppermost trace in Figure 2 ) is given the number 1, and subsequent profiles are numbered accordingly, so that a label of ''1 -5'' means that corotation factor was derived by cross-correlation of the first and fifth brightness profiles for that event. The solid line represents the mean of these individually determined corotation factors, weighted by the individual uncertainty of each factor, and is used as the final corotation factor for that event. There are only a few corotation factors for which the uncertainty is less than ±0.05, and for which the correlation coefficient was greater than 0.5. The final corotation factor used in tracking the flux tubes for this event is 0.854 ± 0.014, indicating the plasmasphere was subcorotating by about 15%. Note that the uncertainty of 0.014 is the standard deviation of the weighted mean.
Following the Flux Tube
[24] Once the rotation rate of the plasmasphere is known, the brightness of an EUV line of sight, aligned with part of a plasmaspheric flux tube, can be monitored by taking the brightness value at a given MLT from the first image, then the brightness value at the MLT of the flux tube propagated by the observed corotation rate in the second image, and so on. To propagate to the MLT of the flux tube in a subsequent image, we simply take the difference in UT between the two snapshots, multiply it by the corotation factor, and add the product to the original MLT 0 of the flux tube in the first image. This yields the MLT in the subsequent image where we take the next brightness sample in our flux tube's journey. In this way, brightness profiles of flux tube journeys are generated, each of which is composed of brightness values obtained from all the successive images in that event. It is worth noting that, when tracking the flux tubes, we assume that they do not vary in radial distance during their rotation around the Earth. This is equivalent to assuming a dipole geomagnetic field geometry, which we consider to be reasonable for the L-shells of interest: L = 2.5 and L = 3.5 [e.g., Berube et al., 2006] .
[25] We also convert from units of photon count to units of He + column abundance along the EUV line of sight. Since the plasmasphere is optically thin, the photon count in a EUV pixel whose line of sight goes through the plasmasphere is directly proportional to the column-integrated density of He + . Hence we use the following conversion:
where N is the column abundance of He + in units of particles cm
À2
, a is the number of photon counts in a single pixel of an EUV image (10 min exposure), and F is the solar flux of 30.4 nm wavelength light at 1 AU, in units of photons s À1 cm
. The constant in the conversion equation is derived from a He + scattering rate, given by g = 1.53 Â 10 À15 F s
À1
, estimated from information in Meier [1991] . This method of conversion from EUV image photon count to He + column-integrated density was originally documented by Gallagher et al. [2005] and a more detailed explanation of its origin can be found in that work.
[26] The solar flux data must be taken into account, as EUV images taken at different times of the year could potentially have different brightness values primarily due to differences in solar flux, since the instrument detects resonantly scattered EUV originating from the sun. For this study, we used 10-min averaged solar flux measurements made by the Solar Extreme Ultraviolet Monitor (SEM) instrument onboard the Solar Heliospheric Observatory (SOHO) spacecraft. These data are spectrally centered at 30.4 nm, though the flux measured actually ranges from 26 nm to 34 nm [Judge et al., 1998 [Judge et al., , 2002 .
[27] Figure 5 shows the flux tube journeys for event 2001/173/01:24 -10:37. Each connected set of points represents the column abundance of a single flux tube tracked as it rotates around the Earth. In this event, we applied the 0.85 corotation factor determined by our automated technique. Each data point on a given tube is in a different EUV image, one after another. The gaps around mid morning and mid afternoon are due to the EUV image seam effects, and the gap from MLT 22 to MLT 02 is due to the Earth's shadow. The error bars are the standard deviation of the mean He + column abundance, derived from the pixels contained in one of the 128 azimuthal bins. Thus the uncertainty in our measurement of the mean column abundance is s/(n)
, where s is the standard deviation of the column abundance values of the pixels in a binned region of an original, unmapped EUV image, and n is the number of independent pixel column abundance values in that bin. It is worth mentioning that the version of the EUV image that is mapped to the geomagnetic equator will have a higher number of pixels in an azimuthal bin, since the mapping process stretches the image by duplicating pixels from the original unmapped EUV image. Hence to obtain the number of independent measurements, n, we take the total number of pixels inside the azimuthal bin on the mapped image, and count the number of different brightness values among those pixels.
[28] The event shown in Figure 5 depicts a rise in density shortly after dawn (MLT = 6), a stagnation in the hours surrounding local noon, and another rise in density in the mid-afternoon through dusk and into the evening. We will show that, though the flux tube He + column abundance varied from one event to another, the median behavior of He + column abundance in our 128 events follows the same trend. It is also interesting to note that there is a net increase of $100% from the average column abundance levels in the early morning, say MLT $ 5, to the levels in the late evening. This implies that column abundance drops significantly as the flux tube rotates around the night side of the Earth, perhaps via dumping of plasmaspheric He + into the ionosphere, because of the lower night time plasma pressure in the ionosphere.
[29] Since we are unable to observe a flux tube uninterrupted for more than about 10 h, due to the constraints of IMAGE's orbit, and since each flux tube will have its own unique starting and ending column abundance along an EUV line of sight, we must be cautious when using figures like Figure 5 to interpret the behavior of a flux tube over more than 10 h of local time. A more useful result would be the rate of increase or decrease in density on a flux tube as a function of local time. We can obtain this by taking the Figure 6 shows the change of line-ofsight column abundance obtained by taking the time derivative of the flux tube journeys in Figure 5 . The error bars on each of the change in column abundance values are derived from the column abundance uncertainties seen in Figure 5 , and are ultimately due to the standard deviation of the mean pixel brightness in each of the 128 azimuthal bins. The slopes of the many flux tubes at a given MLT are averaged together in hourly bins, producing the red diamond curve, which represents the weighted mean of the change in lineof-sight column abundance as a function of local time. A positive change in column abundance (from one value to the next) is interpreted as an increase in He + density in the flux tube, while a negative change in brightness is assumed to mean a decrease in He + density in that flux tube. Hence Figure 6 can be thought of as a proxy for upward flow of He + into the plasmasphere (positive values) and downward flow of He + out of the plasmasphere, presumably into the ionosphere (negative values).
Single Image Profiles
[30] In addition to our method of following flux tubes using measured plasmaspheric rotation rates, we have studied the average behavior of the He + distribution in local time in single EUV images. That is, we look at the localtime-dependent brightness profile of each of our EUV images individually, and then combine those results to look at the azimuthal variation of He + column abundance on average. This differs from our approach of following the flux tubes in that we are merely looking at azimuthal column abundance profiles from single images, not a succession of images. It cannot tell us what is happening in a particular flux tube over diurnal time scales, but it can give an indication of where in MLT the He + column abundances are the highest and lowest.
Results
Diurnal Variation
[31] The aforementioned procedure was carried out for all 128 events listed in Appendix A, and the mean change in column abundance for each event was combined with the mean change of all other events. Excepting a few outliers, these means of each event, placed at the mean change in brightness value and mean local time for each hourly MLT bin (i.e., one mean value for all change-in-brightness values between MLT 9 and 10, between 10 and 11, etc.) are plotted together in Figure 7 . Each diamond point represents the mean change in column abundance, in units of He + ions cm À2 h
À1
, at that MLT for one of the 128 events. The solid curve passes through the median values of the mean change in column abundance, binned hourly, for all 128 events. Error bars represent quartile values for each bin.
[32] Figure 7 shows that, though behavior on any particular day is hard to predict because of large variability, an overall diurnal trend does emerge:
[33] 1. During the pre-dawn morning sector, He + density is mostly decreasing (values are below zero).
[34] 2. During the post-dawn to mid-morning sector, brightness tends to be increasing. This seems intuitive given that the flux tube's ionospheric end has entered sunlight at that time, and solar photoionization and energization likely increases the outward pressure, causing He + ions to move outward filling the flux tube.
[35] 3. There is a stagnation around noon, where the scattered values are centered around zero change in column-integrated density.
[36] 4. EUV brightness tends to be increasing from midafternoon, through dusk, and into the evening.
[37] Our 128 events were chosen primarily for the quality of the EUV image data, and so they cover a range of geomagnetic activity levels. In Figure 8 , we show the effect of geomagnetic activity on the increase or decrease in He + column abundance of the plasmasphere. We have separated the scattered data points from Figure 7 into those events where Kp never rose above 3 during the time range of the event's images or in the 24 h preceding the earliest image, and those events where Kp did rise above a value of 3 at some point during that time period. Of the 128 total EUV events, 67 events had Kp 3, 61 events had Kp > 3. As can be seen in Figure 8 , the median curves from each of these geomagnetic activity levels are within each other's quartile error bars, indicating that the diurnal rate of change of density in a plasmaspheric flux tube does not seem to depend heavily on geomagnetic activity. Hence geomagnetic activity does not appear to have a significant effect on diurnal refilling rates.
[38] To explore the L-shell dependence of the diurnal variation, we further review our 128 events for cases where the quality of the EUV images is high enough in the outer regions to allow an observation of the variation at L = 3.5. The outer regions of the plasmasphere can be distorted in Figure 8 . Median values with quartile error bars for the change in line-of-sight column abundance of He + for events during high (solid red curve) and low (dashed blue curve) geomagnetic activity.
mapped EUV images, especially at the low-latitude limits of the IMAGE pass, because of the geometry of EUV's field of view. As a criteria for using the event at L = 3.5, we take profiles from all 128 events in an annulus ranging from L = 3.25 and L = 3.75, and eliminate events where no crosscorrelations yield coefficients above 0.5. This leaves us with 87 events suitable for diurnal variation study at L = 3.5. Figure 9 shows the results of this study, analogous to Figure 7 . Again, we have scaled this figure between ±2 Â 10 10 He + ions cm À2 s À1 . Note that there is still a detectable diurnal variation at L = 3.5, however it is much less dramatic than that that observed at L = 2.5.
Single Image Profiles
[39] Figure 10 shows the mean and median azimuthal column abundance profiles for all 1079 individual EUV images used in our study. Each EUV image profile was extracted as an average brightness at L = 2.5, and the photon counts were converted to He + column abundances. The values in each profile have been normalized to the value at MLT = 6 (dawn) for that profile, such that the Y-axis gives a ratio of the column abundance at a given MLT to the value at dawn for that same image. Though the scatter in the individual image profiles is large, it is clear that, on average, the dusk and evening sectors are significantly brighter than the dawn region. The mean and median column abundance appears to peak around MLT = 20, slightly after dusk, and the peak column abundance tends to be about 50%-100% higher than the value at dawn.
[40] Figure 11 shows the mean and median curves azimuthal column abundance profiles for the 734 individual EUV images that were deemed usable for observing diurnal variation at L = 3.5. At this outer L-shell, the annulus may partially sample the plasma trough or the plasmapause instead of the interior of the plasmasphere. Also, since L = 3.5 is closer to the edge of the EUV field of view than is L = 2.5, the annulus may sometimes sample blacked out regions of the EUV image in one MLT region, while sampling typical plasmaspheric brightness values in another. Hence there are many profiles in this data set with unreasonably high or low values, due mainly to poor sampling conditions in that part of the EUV image. The mean curve is too heavily influenced by off scale high and low individual profiles, and so is thought to be unrepresentative of the real diurnal variation at L = 3.5. The median profile, however, shows the same familiar trends that can be seen at L = 2.5. The column abundance peaks in the post-dusk region, and Figure 9 . Change in column abundance of He + for 87 events that were suitable for diurnal variation analysis at an average L-shell of 3.5. The central curve represents the median, binned hourly, with quartile error bars.
the peak values are over 100% higher than the column abundance at dawn.
Discussion
[41] There are several main observations to be drawn from our study of diurnal variation of He + density using IMAGE EUV brightness changes: (1) a general increase in density from dawn to dusk across the dayside of about a factor of 2, (2) a clear rise in the He + column abundance in plasmaspheric flux tubes immediately after dawn, and (3) a stagnation or local minimum in the brightness increase in the few hours surrounding local noon. These observations appear to be consistent when analysis was performed on the images at L = 2.5 and L = 3.5.
[42] Park et al. [1978] concluded from whistler observations that the diurnal variation in outward flux of electrons from the ionosphere was not enough to affect the average density along plasmaspheric flux tubes outside of L = 3 on a diurnal time scale. They did detect a diurnal variation at L = 3, but found that diurnal effects are obscured by relatively large day-to-day variations due to storm and substorm effects. We, however, see a small but clear diurnal variation in He + column abundance at L = 3.5. As seen by comparison of Figures 7 and 9 , the diurnal variation of column abundance at L = 3.5 is less dramatic than at L = 2.5. However, it is important to note that the rates we have shown here are absolute rates of change in column abundance. Though the change in units of He + cm À2 s À1 is significantly smaller at L = 3.5, the ratio of the refilling rate to the column abundance itself appears to be similar at the two different L-shells.
[43] To see this, we can ask how we would expect the refilling rate to vary with L-shell. We might expect that the supply rate of outflowing ions from the ionosphere (per unit area) is roughly constant with latitude. Given that assumption, we would expect the equatorial volume refilling rate to be inversely proportional to the volume of a magnetic flux tube. Since a dipolar magnetic flux tube has a volume that depends on L 4 , we would expect the volume refilling rates in our study to differ by a factor of (3.5/2.5) À4 = 0.26; i.e.: the volume refilling rate at L = 3.5 should be 26% of the volume refilling rate at L = 2.5. Our observations in this study are not volume refilling rates, however, but column abundance refilling rates. We can obtain the ratio of changes in column abundance at L = 3.5 to those at L = 2.5 by multiplying the ratio of volume refilling rates (0.26) by the ratio of the length of the EUV line of sight passing through L = 3.5 to the line of sight passing through L = 2.5. Assuming a typical polar viewing geometry of the IMAGE spacecraft, we find that we would expect the column abundance refilling rate at L = 3.5 to be $0.36 of that at L = 2.5, simply because of the different volumes of the outer and inner flux tubes. When we compare the median column abundance refilling rates shown in Figures 7 and 9 , we find that the curves align quite well with one another when the L = 3.5 data is scaled up by a factor of 2.5 (see Figure 12 ). Thus we observe that the column abundance refilling rate at Figure 10 . The mean and median of the 1079 single image He + column abundance profiles that fall within the time ranges listed in Appendix A, taken at L = 2.5. The solid curve is the mean of all 1079 single image profiles, binned into 128 MLT divisions, and the dashed curve is the median. L = 3.5 is about (1/2.5 = ) 0.4 times the rate at L = 2.5. This is close to the ratio we would expect because of the difference in flux tube volume alone (0.36). Hence though diurnal variation at outer plasmaspheric flux tubes may be difficult to observe because of the low absolute refilling rates resulting from high flux tube volume, the ratio of the refilling rate to the column abundance appears to be similar to lower L values. Diurnal variation can, in fact, be observed at L-shells beyond L = 3.
[44] The general increase in density across the dayside is consistent with ground-based magnetometer observations of plasma mass density made by [Moldwin and Berube, 2004] . Menk et al. [1999] conducted a study using ULF field line resonance techniques to measure plasma mass density over several days, and compared with electron density derived from VLF whistler measurements. They found that, during periods with little variation in geomagnetic activity, the electron and mass densities tended to increase somewhat uniformly from dawn to dusk, and then began decreasing soon after 18 MLT. These observations were consistent with a modeling study of ULF pulsation eigenperiods by Poulter et al. [1988] . Interestingly, Poulter et al. showed that, when E Â B drift measurements are included in the model predictions, the eigenperiods (which are proportional to mass density) usually peak near 18 LT in the inner plasmasphere, but can result in a mid-day minimum at latitudes higher than $35°(L>4), because of azimuthal electric fields convecting flux tubes to different latitudes. Menk et al. did not see this effect at L-shells lower than 4, consistent with Poulter et al., however we do observe a noontime stagnation in the change of He + density at L = 2.5 and L = 3.5. An advantage of the present work is that it accounts for the important effect of subcorotation, while the ground-based techniques cannot, since the magnetometer array is corotating with the Earth, and so a purely corotational plasma environment must be assumed.
[45] The stagnation in brightness variation at or around local noon in comparison to the distinctly positive change in column abundance just after dawn may be related to a daily minimum in upward plasma flux at local noon in the topside ionosphere. Richards and Torr [1985] investigated H + upward flux from the ionosphere using a model, originally developed by Bailey et al. [1979] , which numerically solves the momentum and continuity equations for O + and H + in the topside ionosphere. Richards and Torr propose that a maximum around 6 LT is due to a rapid increase in O + scale height because of heating by photoionization. They also note that a noon minimum in upward H + flux at the topside ionosphere is due to a minimum in topside ionospheric H + concentration at that time. Neither paper discusses He + , but they do show that there are interesting variations in the upward flux of both light (H + ) and heavy (O + ) ions on diurnal time scales. If the topside ionosphere, the source region for the plasmasphere, has a minimum concentration of He + at local noon, it would follow that there would be a minimum in upward He + flux into the plasmasphere at that time, which could be observable as a local minimum or stagnation in the variation of He + column abundance along EUV lines of sight passing through flux tubes around noon MLT. Our current study observes such a stagnation, though any statement regarding the cause of this stagnation at the moment remains an untested hypothesis. Further investiga- Figure 11 . The mean and median of the 734 single image He + column abundance profiles deemed viable for analysis at L = 3.5, binned into 128 MLT divisions. tion into the noon-time concentration of He + in the ionosphere is required if the noon-time stagnation observed in our study is to be better understood.
[46] Saxton and Smith [1989] used observations of whistlers at conjugate points to VLF transmitters to infer the flux of electrons from the ionosphere to the plasmasphere. On the whole, they found that electron fluxes were directed upward starting shortly after one end of a flux tube enters sunlight (the other end may still be in darkness, depending on the season). They also found that emptying of the flux tube via net downward electron flux begins as soon as one of the ends of a given flux tube enters darkness. The implication is that, with net downward fluxes beginning at dusk, plasmaspheric densities should start declining at that time as well. We do not observe such a decrease in the EUV data. Instead, the continued increase in EUV brightness through dusk into evening suggests that He + density continues to rise well into the evening. The fact that our data is centered around the summer season, during which there is a North-South asymmetry in received sunlight at a given magnetic latitude, may mean that one of the flux tube's ionospheric ends could still be in sunlight while the other is not, allowing the outward flow to continue even after the flux tube has passed 18 MLT. It is interesting, however, that the opposite effect does not appear to be taking place on the dawn side, where the change in column abundance goes from negative to positive fairly consistently at 6 MLT.
[47] Another possibility is that the dusk-side ''bulge'' of the plasmasphere is playing a role in these EUV image observations, such that our circular annulus overlaid on the image is straying into lower L-shells, and thus higher He + densities in the region from late afternoon through the evening. If this is the case, it would be interesting in and of itself, since E Â B drift paths at such low L-shells as 2.5 should be nearly circular during moderate and quiet periods of geomagnetic activity. Of the 128 events used in this study, about half had Kp ! 3, and half had Kp < 3. The change in He + column abundance for both these high Kp events and the low Kp events is shown in Figure 8 . The general trend observed for all the events is still visible for both the high activity and low activity events, with no discernible difference between the two activity levels.
[48] The issue of what happens to the He + density that has been accumulated since dawn when the plasmaspheric flux tube moves across the night region will be further addressed in a future study, but it is clear that the flux tube content must eventually decrease, since there is such a clear difference between the early morning and late evening line-of-sight column abundance values in Figures 5 and  10 . Also, though we omit data from the portion of the EUV images in the Earth's shadow, we consistently observe negative changes in column abundance in the pre-dawn sector, as shown in Figures 7, 8 , and 9, which implies negative filling rates for plasmaspheric flux tubes in much of the night region, where ionospheric plasma pressure is lower because of lack of solar photoionization. Also, by averaging the change in column abundance values for all our events (the diamonds in Figures 7 and 9) , we can obtain an estimate of the plasmaspheric He + refilling rate averaged over MLT (excluding the region of the EUV images in the Earth's shadow, between about 22 and 02 MLT). We find that the refilling rate averaged over all available MLT is 0.088 Â 10 10 ± 0.016 Â 10 10 He + ions cm À2 h À1 at L = 2.5, and 0.027 Â 10 10 ± 0.008 Â 10 10 He + ions cm À2 h À1 at L = 3.5. The uncertainties given here are the standard deviations of the means. These refilling rates averaged over MLT are quite small when compared to the median peak refilling rates of $0.5 Â 10 10 He + ions cm À2 h À1 for L = 2.5 and $0.25 Â 10 10 He + ions cm À2 h À1 for L = 3.5, which are larger than the MLT-averaged refilling rates by a factor of $8 and 10, respectively. Given that $4 h of MLT are not sampled, and that those late night hours would be expected to yield negative filling rates, it is likely that the net refilling rate averaged over 24 h of MLT is close to zero, which would again imply that plasmaspheric He + is being lost to the ionosphere as the flux tubes move across the night side of the Earth.
[49] Finally, the mean and median of many single image profiles, displayed in Figures 10 and 11 , represent a different method of globally observing diurnal variation using the same set of images. Yet, even in individual EUV images, the general trend we have observed in the flux tube tracking method is evident: decreasing column abundance in the pre-dawn sector, sharply increasing postdawn, a stagnation or even decrease around local noon, and a sharp increase into the afternoon and past dusk. Both the mean and median curves at L = 2.5 (Figure 10 ), as well as the median curve at L = 3.5 ( Figure 11 ) show a flattening of the azimuthal change in column abundance around noon, which corresponds to the small or even negative refilling rates observed using the flux tube tracking method.
Conclusions
[50] In general, the column abundance flux tube journeys, change in column abundance as a function of MLT, and individual EUV image profiles presented here indicate a rise in He + density in the morning sector, a stagnation around noon, and then a rise in the afternoon sector through dusk and into the evening. The general trend of rising plasmaspheric density from dawn to dusk is attributed to plasmaspheric filling by photoionization at the ionospheric ends of flux tubes. The noon stagnation agrees with field line resonance observations by Moldwin and Berube [2004] , and is thought to be related to a noontime minimum in the concentration of neutral species in the ionosphere [Richards and Torr, 1985] . Profiles from 1079 individual EUV images centered around northern summer of 2001 showed that mean column abundance for this data set peaks around MLT = 20, slightly after dusk, and the peak column abundance tends to be about 1.5-2 times the value at dawn.
[51] We have shown that a variation in plasmaspheric He + density is observable over diurnal time scales in EUV data at L = 2.5 and to a lesser extent at L = 3.5. This study provides the first global observations of the diurnal refilling trend of plasmaspheric flux tubes by photoionization at the ionosphere.
Appendix A
[52] Table A1 .
